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SUMMARY 

The feasibility and performance of nuclear energy coupled with Negative Emission Technology (NET) 

processes were investigated in this report. Three overarching questions from nuclear NET systems guided 

this research: which NET would be able to use heat and/or electricity from nuclear power plants (NPPs); 

what is the performance and cost of a nuclear NET system; and what would be the market outlook for this 

system? 

Among the various NETs that are actively being developed, several were found to potentially benefit 

from coupling with an NPP via (1) large amounts of decarbonized and constant-output electricity; (2) free 

waste heat or cheap low-temperature heat; or (3) high-temperature heat. NPPs were found to be 

compatible with Direct Air Capture (DAC) systems, and a detailed techno-economic analysis of coupled 

NPP&DAC systems was performed. Preliminary analysis also indicated that biomass and water-based 

NETs are potentially compatible with NPPs, but further work is needed to quantify the performance of 

these nuclear NET systems.  

Design and performance analyses were completed for both liquid solvent DAC (L-DAC) and solid 

sorbent DAC (S-DAC) technologies. A 1.0-GWth NPP coupled with L-DAC and S-DAC was found to be 

able to capture 12ï15 Mt CO2/yr and 1.0ï1.5 Mt CO2/yr, respectively. While the L-DAC process enables 

much greater CO2 capture than the S-DAC process when both are sized with a 1 GWth NPP, the NPP&L-

DAC system considered also requires >2 GWth natural gas oxy-combustion to reach adequate 

temperature in the calciner. CO2 generated from natural gas combustion is also captured as part of the 

calcination process, in addition to the CO2 captured from air, resulting in overall CO2 sequestration of 

close to 30% more than what is captured from air. The cost of carbon capture calculated with the 

levelized cost of DAC (LCOD) had a range of $170ï260/tCO2 for NPP&L-DAC systems and a range of 

$650ï680/tCO2 for NPP&S-DAC systems. For both DAC systems, the NPP provides economic benefit 

when compared to previous National Energy Technology Laboratory (NETL) studies of non-nuclear 

DAC systems, leading to reduction of LCOD by 5ï7% for L-DAC, and 8ï13% for S-DAC.  

For the NPP&DAC systems, a preliminary market analysis reviewed potential CO2 market prices and 

eligibility for incentives. The estimated potential revenues for CO2 capture (coming from federal 

incentive, CO2 commodity markets, or offset market) is in the range of $170ï979 tCO2, and the results 

show that because of lower LCOD, the NPP&L-DAC process would be more attractive to a market than 

the NPP&S-DAC process. The large investment needed for NPP&DAC processes would require long-

term certainty of sufficient market size, CO2 prices, and incentives. Enabling NPPs to ramp DAC 

operation up or down based on electricity market price is not expected to significantly increase revenues 

of the NPP&DAC system. This is because the revenues from CO2 sequestration are required to be very 

high to justify the deployment and continuous operation of the very expensive DAC technologies.  

In this analysis, several new research questions were uncovered, and follow-up analyses are 

recommended for further investigation, including a detailed feasibility study of NPP coupled with other 

NET systems such as biomass pyrolysis and gasification with carbon capture and storage, and seawater 

carbon capture. 
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SYSTEMS ANALYSIS AND INTEGRATION CAMPAIGN 

ASSESSMENT OF NUCLEAR ENERGY TO SUPPORT 
NEGATIVE EMISSION TECHNOLOGIES 

1. INTRODUCTION 

The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment report suggests that up to 390 

Gt of cumulative atmospheric CO2 will need to be removed by 2100 to limit warming to 2 °C, and up to 

680 Gt to limit warming to 1.5 °C [1]. Further, ñThe deployment of carbon dioxide removal (CDR) to 

counterbalance hard-to-abate residual emissions is unavoidable if net zero CO2 or GHG emissions are to 

be achieved. The scale and timing of deployment will depend on the trajectories of gross emission 
reductions in different sectors. Upscaling the deployment of CDR depends on developing effective 

approaches to address feasibility and sustainability constraints especially at large scales. (high 

confidence)ò [2]. Removal of CO2 from the atmosphere using Negative Emission Technologies (NETs) 

will have an important role to play in compensating for residual carbon emissions from sectors recognized 

as being difficult to decarbonize, such as transportation by aviation, shipping, and agriculture, and help 

the world achieve net zero emissions. The U.S. administration is renewing and increasing incentives for 

NETs with increased tax credits (under U.S. Tax Code Section 45Q) as part of the 2022 Inflation 

Reduction Act (IRA) [3]. 

Nuclear energy is already playing an important role in decarbonizing the electricity sector (an ~1 GWe 

nuclear power plant (NPP) connected to the grid avoids emission of ~2.7 Mton CO2/yr1), and can play an 

even larger role in decarbonizing other sectors of the economy through hydrogen production (providing 

heat and electricity), high-temperature heat production for industrial applications, district heating, etc. 

Another barely considered opportunity for nuclear energy to contribute to decarbonization is to couple it 

with NET: nuclear power generates heat and/or electricity that can be used in various NETs to remove 

CO2 from the atmosphere. The scale and speed of NET deployment will be driven by the readiness and 

costs of the technologies. It is currently expected that the costs of large-scale CO2 removal will need to 

decrease to enable wide deployment of NETs; therefore, DOE recently launched the Carbon Negative 

Shot initiative, which targets prices as low as $100/tCO2 [4] 

As discussed in this report, nuclear energy can support CO2 capture and sequestration technologies 

because of NPPsô ability to generate large quantities of decarbonized and constant-output electricity and 

heat. Nuclear energy coupled with a NET system is also referred as nuclear NET in this report. Thus, the 

U.S. Department of Energy (DOE) Office of Nuclear Energy (NE) Systems Analysis & Integration 

(SA&I)  campaign jointly with the National Energy Technology Laboratory (NETL) Strategic Systems 

Analysis and Engineering Directorate have undertaken this study to evaluate the opportunities for nuclear 

energy to support NETs to remove CO2 from the atmosphere through assessment of the carbon reduction 

performance and market feasibility of various nuclear NET systems.  

1.1 Brief Introduction to NET Technologies   

Various NETs are actively being developed [5], but only the ones that may be compatible with nuclear 

energyði.e., those that benefit from a dense source of energyðare considered in this report. Here is a 

short description of these NETs:  

 
1 Assuming the NPP would be replaced by a ñnewò Natural Gas Combined Cycle plant with emissions of 0.34 tCO2/MWh [6]. 
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¶ Direct Air Capture (DAC) and Carbon Sequestration (DACCS): [5] ñChemical processes that capture 

CO2 from ambient air and concentrate it, so that it can be injected into a storage reservoir.ò These 

NETs are further discussed in Section 2.1.  

¶ Biomass-based Processes: [5] ñEnergy production using plant biomass to produce electricity, liquid 

fuels, and/or heat combined with capture and sequestration of any CO2 produced when using the 
bioenergy and any remaining biomass carbon that is not in the liquid fuels.ò The main NETs in this 

category are biomass combustion, pyrolysis, and gasification, as further described in Section 2.2.  

¶ Enhanced Weathering (EW): [5] ñAccelerated ñweathering,ò in which CO2 from the atmosphere 

forms a chemical bond with a reactive mineral (particularly mantle peridotite, basaltic lava, and 

other reactive rocks), both at the surface (ex situ), where CO2 in ambient air is mineralized on 
exposed rock, and in the subsurface (in situ), where concentrated CO2 streams are injected into 

ultramafic and basaltic rocks, where the CO2 mineralizes in the pores.ò EW and other water-based 

processes are discussed in Section 2.3. 

Other NETs were not considered because of their obvious lack of potential for nuclear energy 

compatibility, such as coastal blue carbon and terrestrial carbon removal and sequestration that rely on 

land use and management practices to store CO2 in living plants and in the soil. These NETs would not 

benefit from the high-density heat and/or electricity that a NPP would provide. Some NETs that have a 

low Technology Readiness Level (TRL), such as CO2 capture from seawater, were considered and will be 

mentioned in this report, but no attempt will be made to be exhaustive, as this is a quickly developing 

field of research.  

The ranges of deployment and technology readiness of NETs mentioned in this section are well 

summarized in the IPCC 2022 Summary for Policymakers [6]: 

ñAll the illustrative mitigation pathways (IMPs) assessed in this report use land-based biological CDR 

(primarily afforestation/reforestation (A/R)) and/or bioenergy with carbon capture and storage 

(BECCS). Some also include direct air CO2 capture and storage (DACCS) (high confidence). Across 

the scenarios limiting warming to 2°C (>67%) or below, cumulative volumes2 of BECCS reach 328 (168ï

763) GtCO2, CO2 removal from AFOLU (mainly A/R) reaches 252 (20ï418) GtCO2, and DACCS reaches 
29 (0ï339) GtCO2, for the 2020ï2100 period. Annual volumes in 2050 are 2.75 (0.52ï9.45) GtCO2 yr ï1 

for BECCS, 2.98 (0.23ï6.38) GtCO2 yr ï1 for the CO2 removal from AFOLU (mainly A/R), and 0.02 (0ï

1.74) GtCO2 yr ï1 for DACCS. 

Despite limited current deployment, estimated mitigation potentials for DACCS, enhanced weathering 

(EW) and ocean-based CDR methods (including ocean alkalinity enhancement and ocean fertilisation) 

are moderate to large. (medium confidence). The potential for DACCS (5ï40 GtCO2 yr ï1) is limited 

mainly by requirements for low-carbon energy and by cost (100ï300 (full range: 84ï386) USD tCO2 ï1). 
DACCS is currently at a medium technology readiness level. EW has the potential to remove 2ï4 

(full range: <1 to around 100) GtCO2 yr ï1, at costs ranging from 50 to 200 (full range: 24ï578) 

USD tCO2
 ï1. Ocean-based methods have a combined potential to remove 1ï100 GtCO2 yr ï1 at costs 

of USD40ï500 tCO2
 ï1, but their feasibility is uncertain due to possible side effects on the marine 

environment. EW and ocean-based methods are currently at a low technology readiness level.ò 

Consequently, the DACCS and other NET systems are likely going to expand significantly to play a large 

role in reaching net zero emissions, which would be facilitated through cost reductions as targeted by the 

DOE Carbon Negative Shot initiative. Powering these NET systems with low-emitting energy such as 

nuclear energy for cost reduction of CO2 capture is investigated in this study. 

 
2 As a median value [5ï95th percentile range]. 
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1.2 Relationship of This Work  to Other Work  in This Field  

Work in this area is emerging, and only a few groups are investigating the coupling of nuclear energy 

with NETs. Two DOE Office of Fossil Energy and Carbon Management projects were recently awarded 

funding for DAC front-end engineering design studies: 

¶ Constellation received a $3.2M award to explore front-end engineering design on a DAC Solvent 

system for the Illinois Byron nuclear power plant. ñThe expected amount of net carbon removed from 

the atmosphere is 250,000 tonnes/year and the CO2 captured from the atmosphere will be transported 
by pipeline to an underground geologic formation in Illinois for permanent storage.ò [7] ñThe 

carbon-removal DAC study at Byron Station will involve Carbon Engineeringôs DAC technology, 
licensed to 1PointFive, within plant operations at the Byron nuclear plant and its twin 495-foot-tall 

hyperbolic cooling towers. In the proposed study, a chemical solution would be added to water 

flowing through the facilityôs main condenser on the non-nuclear side of the plant. After traveling 
through the condenser, the water would travel out to the cooling towers, where CO2 in the air will 

attach itself to the chemical solution and become captured and sequestered for later use, potentially 

in industrial processes that will have net zero emissions ranging from creating sustainable aviation 

fuel to beverage industry (carbonation) production.ò This DAC Solvent technology and coupling to 

NPP is described further in Section 2.1.1 of this report. 

¶ Battelle Memorial Institute received a $3.4M award to provide a front-end engineering for DAC 

Sorbent technology at Southern Company's Joseph M. Farley Nuclear Plant in Columbia, Alabama. 

ñThe DAC system will be designed to capture at least 5,000 (and up to 20,000) net tonnes of carbon 

dioxide (CO2) per year from ambient air. The technology consists of a polymeric amine sorbent on a 
commercially available monolith contactor substrate to capture CO2 from ambient air. The two-step 

temperature vacuum swing adsorption process begins with moving air across an ultra-low pressure 

drop contactor that adsorbs the CO2 from the incident air stream, followed by desorption of the CO2 
and regeneration of the sorbent using steam generated from waste heat. Integration of the system 

with an operational nuclear power plant facility will maximize the use of thermal energy from waste 

heat at the host nuclear plant. The captured CO2 will be transported offsite for permanent geologic 

storage.ò [8] This DAC Sorbent technology and coupling to NPP is described further in Section 2.1.2 

of this report. 

McQueen et al. reported that combined cycle natural gas-based DAC resulted in the lowest gross CO2 

capture cost when compared to other electricity sources including nuclear energy [9] [10]. In their study, 

six different electricity sources were considered that provide electricity and thermal energy (electric 

furnace for calciner) for the liquid-solvent direct air capture (L-DAC) system [9]. The study considered a 

Pressurized Water Reactor (PWR) and a Small Modular nuclear Reactor (SMR) along with combined-

cycle natural gas, wind, solar photovoltaic (with battery) and geothermal sources, and analyzed 

performance of multiple air flow and its effect on the gross CO2 removal cost. Another study considered 

solid sorbent-based direct air capture (S-DAC) with thermal energy from geothermal and nuclear sources. 

These researchers conducted a detailed cost analysis, based on U.S. geography, for feasibility and cited 

the importance of financial support for these technologies to reach costs that could lead to mass 

deployment [10]. Researchers at Oak Ridge National Laboratory have also initiated techno-economic 

analyses of retrofitting an existing PWR and coupling it with an S-DAC system, with support from a 

Laboratory Directed Research and Development (LDRD) award [11]. 

Other recent studies [12] mention the use of biomass and NPP for bio-oil production, with negative 

emission benefits. However, the focus is more on bio-oil production to decarbonize various sectors of the 

industry, rather than on negative emissions (which may still be achieved but at a lower rate than 

considered in this study). A short description of these studies is provided in Appendix A-2. 

The following summary provides clarification of what this study aims to research and what was outside 

its scope: 
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¶ This study aims to assess technical compatibility and economic outcomes of various nuclear energy 

technologies coupled with various types of NETs. Various NETs are reviewed in Section 2 to assess 

energy needs and potential compatibility with electricity and heat from different NPP technologies. 

Because the level of readiness of NETs varies drastically and the team had ready access to DAC 

information, a more detailed techno-economic evaluation was completed on some DAC technologies 

in Section 4, while only an initial assessment was performed on other NETs (Engineered Enhanced 

Weathering, or EEW, and Pyrogenic application to Carbon Capture and Storage, or PyCCS), as 

described in Appendix A. 

¶ Three NPP types are considered in this study. This approach is especially important as advanced 

nuclear reactor technologies under active development by the U.S. utility industry can offer different 

conditions in terms of high-temperature heat that could make several NETs compatible and attractive, 

as discussed in Section 3. The three types of nuclear technologies considered in this report are based 

on PWR, Sodium-cooled Fast Reactor (SFR), and Very High Temperature Reactor (VHTR) 

technologies, as those are actively being developed by DOE, including through the Advanced Reactor 

Deployment Program. The analysis performed in this report on PWRs, SFRs and VHTRs relies on 

specific  reactor information, but the conclusions of this study should be applicable to a wide range of 

industry reactor concepts. 

¶ In this process, initial market analysis is completed in Section 4.3.2 by assessing levelized cost of 

carbon capture through NPP&DAC systems to inform the level of CO2 market price or federal 

incentives that would be required to make this process economical to a utility. The current incentives 

for CO2 capture are described in Appendix B-2. Also discussed is the electricity price that would be 

required to incentivize flexible operation of the NPP&DAC system with electricity production 

prioritized over CO2 capture.  

¶ This study does not intend to extensively compare the wider range of other NET optionsðassociated 

with energy production from natural gas or Variable Renewable Energy (VRE), for instanceðthat are 

also associated with various uncertainty levels and deployment timelines. However, the cost of 

NPP&DAC systems is compared with that of DAC systems previously studied at NETL relying on 

electrical grid and natural gas heating [13, 14]. 

¶ This study only considers negative emissions achieved with technologies that capture CO2 from the 

atmosphere directly or indirectly (as from biomass or the ocean). This work could be extended in the 

future to consider CO2 capture from flue gas (coal or natural gas power plants, industries, etc.), which 

include a wider range of carbon capture technologies.  

1.3 Report Organization  

In Section 2, a description of various NETs is provided together with discussion of energy needs and 

feasibility of NPP coupling. The quality and quantity of heat generated by several NPP types to support 

NET processes are described in Section 3. Detailed techno-economic evaluation is completed on some 

NPP & DAC systems in Section 4, while more preliminary estimates for some other nuclear NET systems 

are initiated in Appendix A. Appendix B describes prices of commodities and other source of revenues 

for nuclear NET systems. Finally, conclusions and observations are discussed in Section 5. 
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2. REVIEW OF NEGATIVE EMISSION TECHNOLOGIES AND THEIR 
COMPATIBILITY WITH NUCLEAR ENERGY 

Various NETs are actively being developed by the scientific community. This section reviews the NETs 

that may be compatible with nuclear energy, meaning that they may benefit from a dense source of 

energy. For each NET considered in this study, a short description is provided together with discussion of 

its technology deployment status and outlook, and its energy needs. Three main types of NETs are 

described: DAC in Section 2.1, biomass-based processes in Section 2.2, and water-based processes in 

Section 2.3. These descriptions are mostly supported by literature review. For each NET, subject matter 

expertise is used to discuss its potential connections with NPP technologies. The findings of Section 2 

will serve as the basis of the selection of specific NETs to consider for more detailed techno-economic 

analysis in later sections of this report.  

2.1 Direct Air Capture (DAC) Technologies  

DAC is a key part of the NET landscape and is expected to play an important role in the net zero pathway 

for many countries by 2050 [15]. DAC is one of the most mature among all the NETs, with a TRL of 6 7 

for DAC [16, 6], with a potential to remove 540 GtCO2/yr. systems capture CO2 from the atmosphere 

and produce a purified and compressed CO2 product stream that can be stored in a geologic formation or 

sold as a commodity. Two main DAC technologies are considered in the literature: the Liquid Solvent 

(L)-DAC system is described in Section 2.1.1, and the Solid Sorbent (S)-DAC system is described in 

Section 2.1.2. Other DAC technologies, such as mineralization and electrochemical separation, are not 

considered in this study. Given the very low concentration of CO2 in air (~ 400 ppm), DAC requires 

significant energy input, which is an important factor leading to high cost [5]. Some cost reduction may 

be achieved using heat and electricity from nuclear energy, as discussed later in this report.  

2.1.1 Liquid Solvent DAC 

2.1.1.1 Short Description 

The solvent technology is usually referred to as Liquid Direct Air Capture (L-DAC). The most developed 

L-DAC technology relies on a basic solution such as potassium hydroxide (KOH) to capture the CO2 and 

regenerate the solvent through a series of operations that typically need operating temperatures between 

300 and 900 °C (Figure 2-1) [17]. This process contains two loops, the contactor loop and the calciner 

loop. In the contactor loop, air is forced through multiple contactors through which KOH flows through 

packing material; the KOH reacts with CO2 in the air to form potassium carbonate (K2CO3) solution, as 

shown in Equation 1.  

KOH is then recovered in a pellet reactor where the K2CO3 solution undergoes an anionic exchange with 

calcium hydroxide (Ca(OH)2) to form calcium carbonate (CaCO3), as shown in Equation 2.  

Thus, all the CO2 captured from air ends up as CaCO3. The calciner loop is where the Ca(OH)2 is 

recovered. First, CaCO3 is converted to calcium oxide (CaO) and CO2 at a high temperature (900 °C ) in a 

calciner. CO2 is purified, compressed and sent to a pipeline for transport. CaO is then converted back to 

Ca(OH)2 in contact with steam in a slaker.   

2.1.1.2 Potential for Coupling with NPP Technologies 

The NPP can couple with L-DAC by providing energy to support its operation in several ways, as shown 

in Figure 2-1 (the blue lines represent the flow of electricity, the green line represents the flow of 

atmospheric air, and the black lines represent the flow of captured CO2): 

ςὑὕὌ ὅὕ  O ὑὅὕ Ὄὕ  1 

ὑὅὕ ὅὥὕὌ ᴼςὑὕὌ ὅὥὅὕ  2 
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¶ Electricity from any NPP technology can be provided to operate the contactor fans, CO2 compressors 

and other auxiliary loads of the L-DAC system. 

¶ Heat from any NPP can be used to supply some of the calcination heat in the calciner. The calcination 

reaction runs at a temperature of around 900 °C to convert CaCO3 to CaO and CO2. There are several 

options for operating the calciner using different types of NPPs as an energy source: 

- An electrically driven high-temperature calciner using electricity coming directly from any NPP 

technology can be used for the calciner loop [18]. However, electrically powered calciners are yet 

to be widely deployed in commercial applications, particularly in the size ranges that are likely 

required for NPP&DAC applications. This option could be considered for future studies.  

- VHTR concepts could be developed to operate in this temperature range and provide heat to the 

calciner. VHTRs under development in the U.S. are currently targeting lower temperatures (X-

energy at 565 °C, HolosGen at 850 °C, etc.) because of the technological challenges of operating 

at such a high temperatures. The ideal way to use a VHTR as a source of heat for the calcination 

reaction would be to mix high-temperature helium (from the VHTR primary coolant) directly 

with limestone, to avoid heat losses from indirect heat transfer. Even assuming perfect heat 

transfer from direct mixing, the resulting CO2 would be diluted with helium, whose separation 

would require additional energy. Consequently, this option wonôt be further considered in this 

report. 

- The use of a re-heater operated with NPP-generated electricity to increase the temperature of the 

NPP-generated heat could be considered in the future. 

- For the purposes of this report, the conventional option of supplying heat to the calciner by in situ 

fossil fuel oxy-combustion is chosen. Since natural gas is combusted in pure oxygen, the products 

are only CO2 and water vapor. Moreover, since the combustion happens within the calciner, the 

CO2 from natural gas combustion and the CO2 from calcination of CaCO3 are mixed together. 

Downstream from the calciner, water vapor in the product gas is condensed and the pure CO2 

stream is further purified and compressed for pipeline transport. As a result, the calcination step 

inherently involves capture of CO2 from natural gas combustion as well. Oxy-combustion of 

natural gas (described in Section 4.1, and shown in Figure 2-1) is used as the reference option.  

 

Figure 2-1. Coupled NPP&L-DAC system schematic. 
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2.1.2 Solid Sorbent DAC  

2.1.2.1 Short Description 

Solid sorbent-based DAC (S-DAC) typically utilizes a two-stage carbon capture process, as shown in 

Figure 2-2. During the absorption phase, large fans drive air through the CO2 collectors. CO2 reacts with 

the sorbent (amine-based, metal organic framework, zeolites, alkali metal-based, etc.) and binds to the 

material. The desorption phase begins as the sorbent is saturated. Temperature or pressure swing can be 

used to desorb the carbon dioxide from the sorbent. Heat can be supplied either directly or indirectly to 

the sorbent using steam or a heating medium. Any water, either adsorbed by the sorbent from the air or 

introduced through direct steam regeneration is separated from CO2 by cooling the gas stream through a 

condenser. The S-DAC system modeled in this study uses temperature swing for sorbent regeneration 

with indirect heat transfer to the sorbent [14].  

2.1.2.2 Potential for Coupling with NPP Technologies 

The NPP can couple with S-DAC by providing heat and electricity to support its operation in several 

ways, as shown in Figure 2-2 (the blue lines represent the flow of electricity, and the solid black lines 

represent the flow of captured CO2): 

¶ NPP can provide electricity to run the DAC air fans, CO2 compressors and other components of the 

DAC system. 

¶ NPP can provide heat required for the desorption step. Sorbent regeneration typically requires heat at 

conditions close to ~150 °C and 0.5 MPa. As discussed in Section 3, there are several ways to get 

direct access to such steam conditions using different reactor technologies. This is a higher 

temperature than that of typical waste heat in Rankine Cycles (used in most PWR or SFR concepts), 

but it can be obtained through extraction of other steam lines at the expense of electrical output. Some 

VHTRs, such as the one considered in Section 3.1, provide access to waste heat at 125 °C, which is 

directly usable for the S-DAC process without affecting electrical production. In the analysis 

performed in Section 4.2, the heat exchanger (HX) is placed between NPP-produced steam/helium 

and steam going through Solid Sorbent, which helps avoid radioactive contamination of solid sorbent 

materials. 

 

Figure 2-2. Coupled NPP&S-DAC system schematic. 
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2.1.3 Deployment Status and Outlook for DAC  

The first large-scale commercial L-DAC plant, designed to capture 500,000 tCO2/year, is in advanced 

development by 1PointFive and is expected to be operating in Texas by 2025, using Carbon Engineering, 

Ltd., technology [19]. This facility is designed to implement geological sequestration to store the captured 

CO2. The company expects sale of the carbon credits, along with tax incentives from the U.S. IRA of 

2022, to sustain its business. A 2021 DOE grant is funding Global Thermostatôs work to develop the 

design for an S-DAC plant in Colorado with an annual capacity of 100,000 tons [20]. Internationally, an 

improved investment environment led to announcements of several new DAC projects in 2021, including 

the Storegga Dreamcatcher Project (L-DAC, United Kingdom) for CO2 removal, and the HIF Haru Oni 

eFuels Pilot Plant (S-DAC, Chile) for producing synthetic fuels from electrolysis-based hydrogen and air-

captured CO2. Synthetic fuels (up to 3 million liters) are also set to be produced by the Norsk e-Fuel AS 

consortium in Norway by 2024, including (but not using exclusively) CO2 captured from S-DAC. In June 

2022, 1PointFive and Carbon Engineering (L-DAC) announced plans to deploy 70 large-scale DAC 

facilities by 2035 (each with a capture capacity of up to 1 million tonnes per year) under current policy 

and voluntary and compliance market conditions, while Climeworks (S-DAC) has announced the 

construction of its largest plant to date, Mammoth (capture capacity up to 36,000 tCO2/year), which 

should become operational by 2024. One of the potential limitations on L-DAC deployment is the large 

water requirement (513 tons of water per ton of CO2), which makes it difficult to deploy in some 

locations.  

A considerable amount of research is being carried out in the areas of sorbent development, contactor 

design, siting, and alternative heat and power sources, in order to reduce the overall cost of the systems, 

which is a major roadblock to large-scale deployment[21] [22] [23]. While a commonly touted advantage 

of DAC is that it is not site specific, to reduce costs, DAC systems need to be collocated with water 

sources (L-DAC), CO2 pipelines, CO2 storage sites, and low-CO2-footprint energy sources. Availability 

of low-cost or waste heat is also an advantage for many sorbent systems. For solvent systems utilizing in 

situ NG oxy-combustion in the calciner, proximity to NG pipelines is also advantageous. The local 

climate also impacts DAC system performance, with ambient temperature and humidity (for S-DAC) 

playing a large role. Generally, higher temperatures lead to poor sorbent performance, while the effect of 

humidity is positive in some sorbents and negative in others.  

While S-DAC and L-DAC have been the more mature among the DAC technologies, there is a small but 

growing DAC portfolio of technologies that are currently below a TRL of 6, including electro-swing 

absorption (ESA) and membrane-based DAC (m-DAC). ESA works on the battery/electrolysis principle: 

an electrode absorbs CO2 when negatively charged, and releases the captured CO2 when a positive charge 

is applied [24]. In the m-DAC process, CO2 is captured from air that is passed through gas separation 

membranes. However, this technology is still in its infancy, and developing compressors to compress 

large amounts of ambient air is unsolved [25]. ESA and m-DAC have potential for future use with nuclear 

power, but these low TRL DAC technologies are not considered further in the present study.  

2.2 Biomass -based NET Processes  

Biomass is matter derived from organisms, and the predominant form of biomass used for energy comes 

from terrestrial plants, which comprise about 80% of all biomass [26]. In the U.S. in 2021, over 90% of 

primary energy from biomass came from terrestrial plants [27, 28]. Other forms of biomass that can be 

used for energy will not be covered here, including aquatic plants, other photosynthetic organisms like 

algae, and animal wastes [26]. 

The biomass of terrestrial plants is called lignocellulosic biomass, and it is composed of three primary 

organic polymers: cellulose, hemicellulose, and lignin. The proportions of these components vary by plant 

source, but combined they account for about 90% of the dry plant mass, and they are composed of carbon, 

hydrogen, and oxygen [29]. The remaining fraction of the plant mass is composed of lipids, proteins, and 
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minerals, some of which also contain carbon. Ultimately, woody plants like trees are composed of 

approximately 50% carbon by dry weight [30]. 

Plants capture and sequester carbon dioxide from the atmosphere in their tissues through photosynthesis. 

When plants die, their carbon-bearing molecules are broken down by natural processes and returned to the 

atmosphere or sequestered in other organisms. Likewise, if lignocellulosic biomass is burned to produce 

energy, much of its carbon is released as carbon dioxide, but this is eventually taken up by other plants 

and sequestered in their tissues. Thus, biomass burned in the traditional way with unabated carbon 

dioxide emissions is carbon neutral3. 

The key to using biomass for negative carbon emissions is to interrupt the flow of carbon back to the 

biosphere when biomass is burned or otherwise processed. This can be accomplished by removing solid, 

liquid, or gaseous carbon-bearing materials when biomass is heated in thermochemical processes. In all 

cases, the biomass must be dried first (typically with 100ï150 °C heat). Next, the process choice diverges 

by the available heat temperature and the desired products. Combustion is exothermic (no external heat 

source needed), and it produces mostly carbon dioxide and water. Pyrolysis heats biomass in an anoxic 

environment at 200ï600 °C, and it produces larger amounts of solid char with a slow heating rate. 

Combustion is exothermic (no external heat source needed), and it produces mostly carbon dioxide and 

water. Gasification heats biomass in a hypoxic environment (less oxygen than needed for complete 

combustion) starting above 500 °C, and it produces mostly carbon monoxide and hydrogen.  

The carbon sequestration method used depends on the physical form of the carbon-bearing products. 

Solid char is nearly entirely carbon, and it can be used in agriculture4 or potentially buried. Liquid 

products like bio-oil, if not used as feedstocks for carbon-neutral fuels, could be reinjected into depleted 

petroleum reservoirs. Similarly, gaseous products could be injected into reservoirs, but they might also be 

disposed of in deep saline aquifers or the deep ocean where they would remain as supercritical fluids 

owing to high pressure. Some carbon-bearing products, like bio-oil, methane, and carbon monoxide, are 

potential feedstocks for other industrial processes, but using them in this way would reduce the carbon 

removal performance of a NET, as further discussed in Section A-2. 

These processesð combustion, pyrolysis, and gasificationðare described in more detail in the following 

sections, together with their potential to utilize the heat and/or electricity produced by an NPP. All three 

of these processes have been developed into commercial technologies at various scales and in multiple 

industries. For widespread deployment of biomass-based NETs, new biomass supply chains would have 

to be developed and scaled up by several orders of magnitude. For example, in Feb. 2023, the U.S. had an 

annual production capacity for densified biomass fuel pellets of about 12 Mt/year. Assuming that 50% of 

this mass was carbon and that it could be fully sequestered, that would be the equivalent of 6 Mt/year of 

carbon or 22 Mt CO2/year, which is far below the 400ï5,200 Mt CO2/year needed to limit warming to 

2 °C [1]. There are also concerns that larger-scale biomass production might compete for land with food 

production and biodiversity conservation. 

Although this report focuses on carbon flows and negative carbon emissions, the thermochemical 

processes described here also apply to biomass upgrading for biofuel production. There are chemical and 

economic tradeoffs between producing biofuels and sequestering carbon for negative emissions, as 

discussed in Section A-2, but process optimization is beyond the scope of this work. 

 
3 This is carbon neutral in the accounting of carbon that is embodied in the biomass. It does not cover life-cycle or supply-chain 

carbon emissions (e.g., energy used for harvesting and processing), the timing of release versus reuptake, or ecosystem 

changes. 

4 Biochar has been studied as a soil fertility enhancer, and it is expected to remain biologically inactive for hundreds to 

thousands of years. 
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2.2.1 Biomass Combustion  (BECCS) 

2.2.1.1 Short Description 

Like coal, biomass can be burned (combusted) in a boiler to produce heat for industrial processes or to 

produce steam for electricity production. Since the flue gas is rich in carbon dioxide, it can be processed 

with a carbon dioxide capture technology, thus removing most of the original carbon from the waste 

stream. This captured carbon dioxide can then be transported and sequestered. Whereas this process with 

coal would still produce net positive carbon emissions, the same process fueled with biomass would 

produce net negative carbon emissions. This set of post-combustion capture technologies is often referred 

to as bioenergy with carbon capture and storage (BECCS). 

For biomass combustion, typical feedstocks include wood and wood wastes, but other types of 

lignocellulosic biomass are used in some cases. Most often, biomass is reacted with air at high 

temperature in a boiler. Since combustion is an exothermic process, no external heat is required. Flue 

gases consist of carbon dioxide, water vapor, nitrogen oxides, and sulfur dioxide. The carbon dioxide can 

be separated from the flue gas stream via the same capture technologies being considered for DAC: 

solvents, sorbents, and membranes. This post-combustion capture process can capture 95% of the carbon 

dioxide in the flue gas [31]. 

One significant difficulty with DAC and post-(air)-combustion capture is that air is nearly 80% nitrogen, 

necessitating much larger and more expensive components to handle the extraneous nitrogen. Other 

combustion-based technologies circumvent the nitrogen problem by reacting the fuel with oxygen only or 

an oxygen-bearing compound, which is known as oxy-fuel combustion. Examples include the Allamï

Fetvedt cycle (commercialized by NET Power) and chemical looping combustion. Those CO2 separation 

processes are capital-intensive and require energy (heat and electricity), which could come from the 

biomass combustion, the grid, or an NPP. Their carbon dioxide capture efficacy is also typically 85%, 

which is lower than post-combustion capture [31]. 

2.2.1.2 Deployment Status and Outlook 

According to the IPCC, BECCS is at TRL 5ï6 with worldwide mitigation potential of 0.5ï11 Gt CO2/yr 

[6]. However, the International Energy Agency (IEA) classifies biopower with post-combustion capture 

to be at TRL 8 [32], owing partly to its commercial demonstration at two power plants in Japan and the 

U.K. The Mikawa BECCS power plant in Japan began commercial operations in 2020; it is a former coal 

plant retrofitted to burn biomass with post-combustion capture [32]. In 2019, the Drax power plant in the 

U.K. started capturing 1 tonne CO2/day at one of its four 660-MWe biomass units [33]. 

2.2.1.3 Potential for Coupling with NPP Technologies 

A process schematic for a typical biopower system with post-combustion carbon capture (BECCS) is 

shown in Figure 2-3. Because biomass combustion is exothermic and self-sustaining, there is no need for 

external energy from a nuclear reactor. The drying of biomass feedstocks and the regeneration steps of the 

carbon capture processes could be accomplished by diverting some of the combustion heat. The auxiliary 

electrical load requirements from the carbon capture equipment could be met with power produced at the 

turbogenerator. Alternatively, a nuclear reactor could be operated to provide the heat and electricity to 

operate the carbon capture equipment, which will increase the electricity production of the biomass plant, 

but only at the expense of that of the NPP (the impact of DAC on NPP operation is discussed in 

Section 4). Consequently, there is no obvious way that external heat or electricity from a nuclear reactor 

could improve this process. 
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Figure 2-3. BECCS system schematic. Note that there is no NPP coupling. 

2.2.2 Biomass Pyrolysis  (PyCCS) 

2.2.2.1 Short Description 

Pyrolysis of biomass is the process of thermo-chemically5 decomposing organic material at high 

temperatures (200ï600 oC) in the absence of oxygen (i.e., without CO2 emission). There are various ways 

of providing the heat required to enable pyrolysis (microwave, external combustion, etc.), and nuclear 

heat and/or electricity could be considered in this process. Other related terms include torrefaction 

(usually slow heating below 300 oC) and hydrothermal liquefaction (pyrolysis in steam or another 

solvent). ñPyCCSò is the term used for Pyrogenic application to Carbon Capture and Storage [34].  

There are three types of products from biomass pyrolysis, with varying production yields that are 

optimized by manipulating the biomass type, temperature, chemical kinetics, and other parameters:  

¶ Biochar is a solid residue rich in carbon; 

¶ Bio-oil is composed of liquid components that contain hydrocarbons and water; 

¶ Bio-gas or syngas is a mixture of gases, including carbon monoxide (CO) and hydrogen (see 

Section 2.2.3 for more on gasification). 

Biochar can be mixed with soil to store carbon while returning mineral nutrients to the soil following 

pyrolysis, leading to a potentially (but not always) significant increase in the yield of some crops (by 

100% in the Nepal region) [34]. Carbon storage in biochar is a recognized way to store CO2 with a long 

storage time frame estimated at 500 years or more. Biochar can also be used in some industrial 

applications such as supercapacitor materials (which are used in transportation batteries).  

 
5 There exist also chemical and biochemical pathways to convert biomass into biofuels, but these are not discussed in this report 

because nuclear energy has no clear role in these pathways. 
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Both bio-oil and bio-gas can be used to fuel the pyrolysis process or to produce valuable fuels such as 

hydrogen from steam reforming.6 Several commercial applications of bio-fuels have been considered, 

such as bioplastics and amendment of asphalt and building materials. Use and production of bio-oil from 

nuclear energy and biomass was described in [12] and is further discussed in Section A-2. Bio-fuels (or at 

least the less economically valuable components) could also be sequestered relatively easily, instead of 

being commercialized for combustion, to increase the negative emission performance of PyCCS [34], as 

proposed by Charm Industrials [35]. Bio-gas that contains 15 to 45% of the biomass carbon could be 

sequestered through more expensive traditional sequestration systems.  

2.2.2.2 Deployment Status and Outlook 

According to the IPCC [6], pyrolysis is at TRL 6 7 with worldwide mitigation potential of 0.36.6 Gton 

CO2/yr. Pyrolysis is a well-known and well-developed concept, first used in ancient Egypt. It is typically 

applied to produce coke from coal, which is an essential part of the steel production process. Pyrolysis-

generated biofuels were used to produce alternative transportation fuels during World Wars I and II. 

Pyrolysis was also widely used in the chemical industry up until 1950 to produce basic chemicals such as 

methanol, until it became much cheaper to produce them from fossil oils [36]. 

A significant amount of research is ongoing to optimize pyrolysis processes for different biomass forms 

and targeting different products. Slow pyrolysis at low temperatures can produce more biochar, while 

flash pyrolysis (reaching 400 600 oC within a fraction of a second) produces bio-oil, and fast pyrolysis 

produces bio-oil and bio-gas. For CO2 sequestration purposes, slow pyrolysis with temperatures in the 

500 650 oC range is recommended, with a realistic sequestration of 7080% of CO2 when sequestering 

biochar and bio-oil, but theoretically, this level could reach 90% [34]. Changing conditions will likely be 

required if economical products (coming from bio-oil, biochar or bio-gas) are expected, as higher 

temperatures lead to increased bio-oil and bio-gas yield with improved composition (H2 and CH4 

production yields). 

According to [34], the PyCCS technology is ready for implementation across scales ranging from small to 

industrial. Networks of smaller-scale PyCCS systems would reduce environmental side effects but would 

come with larger logistic challenges.  

Environmental impact from large-scale biochar use is still an area of active research and caution as it can 

positively or negatively affect soil properties [34]. Current areas of research focus on cost reduction, 

improving process reliability, and scaling up. Currently, biochar is produced for 300600 euros/ton, and 

bio-oils for 150400 euros/ton, which is higher than their energetic value. It will take CO2 carbon 

penalties and storage incentives to make this process economically attractive [34]. 

2.2.2.3 Potential for Coupling with NPP Technologies 

Figure 2-4 shows a schematic of an example pyrolysis process coupled with an NPP. Pyrolysis begins 

with a low-temperature endothermic (energy-consuming) process, which is followed by an exothermic 

process at high temperature (achieved through the use of bio-gas) [37]. It is not clear if the overall 

pyrolysis process with the use of bio-gas is always exothermic or could still be endothermic in some 

cases. Without the use of bio-gas, it appears to be always endothermic. Consequently, providing energy to 

the system via an NPP would enable improved bio-gas yield.  

A NPP (SFR or VHTR) can play a role in providing high-temperature heat and electricity for slow-

process low-temperature (500650 oC ) pyrolysis. For low-temperature heat application, an HX could be 

placed on the NPP secondary loop to extract the heat required to fuel pyrolysis with circulating N2 or 

another inert gas. High-temperature flash pyrolysis processes could potentially use nuclear electricity to 

 
6 Steam reforming is a process for converting hydrocarbons into hydrogen and CO through treatment with high-temperature 

steam, in the presence of a catalyst [103]. 
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reach the targeted temperature. Electricity from the NPP may also be used at various stages of the PyCCS 

process. 

This process may be better suited for small-scale applications, involving either small-size reactors or 

nuclear reactors dedicating only very small fractions of their high-temperature heat to this process. 

Alternatively, this process may be connected to other back-end processes for processing pyrolysis 

products, such as a bio-fuel refinery or biochar vaporization, which are also energy-intensive processes 

used to increase the value of these products as further discussed in Sections 2.2.3 and A-2.  

 

Figure 2-4. Coupled NPP&PyCCS system schematic. 

2.2.3 Biomass Gasification  

2.2.3.1 Short Description 

Gasification is the conversion of biomass or hydrocarbons into various product gases. Focusing on 

biomass, the feedstocks for gasification can be raw biomass, dried biomass, or char (produced from the 

above-described pyrolysis process). These products are fed into a chemical reactor called a gasifier. If the 

available oxygen is kept significantly below the stoichiometric mixture for combustion (or is unavailable 

in some cases), the biomass will be gasified, producing hydrogen, carbon monoxide, carbon dioxide, 

steam, methane, and other minor gases. This gasification occurs because the primary combustion products 

(carbon dioxide and steam) are reduced by the solid char (carbon), stripping them of oxygen. Smaller 

amounts of tar and char are also produced. Carbon monoxide can further be reacted with steam in the 

water-gas shift reaction to produce carbon dioxide and hydrogen.  

The reduction reactions at the heart of the gasification process (steam and carbon dioxide reacting with 

char) require temperatures of 500ï1,400 °C [38], depending on the gasifier design. On the lowest end of 

gasification temperatures, up to 70% by volume of the product gases will be hydrogen [39]. Increasing the 

gasifier temperature tends to create more carbon monoxide and carbon dioxide, decreasing hydrogen, 

methane, tar, and char production [40]. This would be advantageous where gaseous carbon-bearing 

products are desired for sequestration rather than liquid or solid products.  

Steam

Biomass feed Drying PyrolysisGrinding

Syngas

Bio-oil

CO2 from 
atmosphere 
absorbed to 
form biomass

Sequestration

Cleanup

Hydrogenation

Cracking

Processing

H2

Hydrocarbons

CH4

CO

Biochar

CO2
NPP

Heat

Electricity

10ς20%

40ς80%

10ς40%



Assessment of Nuclear Energy to Support Negative Emission Technologies  
14 September 7, 2023 

 

 

Compared to combustion, gasification concentrates ash and other contaminants which could otherwise be 

released to the environment in the combustion flue gases. Compared to both pyrolysis and combustion, 

gasification can generate large amounts of hydrogen, which could be sold for various purposes.  

2.2.3.2 Deployment Status and Outlook 

Gasifiers have been designed and built since the early 19th century, with early examples used to produce 

combustible town gas (carbon monoxide and hydrogen) before the exploitation of natural gas. There are 

several large industrial gasifier producers worldwide, with most designs being either fixed/moving bed or 

entrained flow [41]. Advanced gasification technologies, such as plasma torch, are in various stages of 

development, demonstration, and deployment [42]. 

Carbon-bearing products from biomass gasification should be carefully accounted for to avoid reducing 

the efficacy of the negative emissions aspect of the technology. Carbon monoxide and hydrogen are the 

feedstocks for the Fischer-Tropsch process, which produces liquid hydrocarbons. These reactions do not 

occur during gasification because the temperature is too high. Besides the potential to produce liquid 

hydrocarbons, carbon monoxide can be combusted as a fuel or used in many industrial processes such as 

acetic acid production. However, any carbon monoxide produced by biomass gasification that is not 

subsequently sequestered would potentially lead to some carbon being recycled in the biosphere. 

2.2.3.3 Potential for Coupling with NPP Technologies 

While oxygen-rich combustion is exothermic and can be a self-sustaining reaction, oxygen-poor 

gasification (reduction) is endothermic, so it needs an external heat source (as in pyrolysis processes). A 

gasification plant can be designed to use its own combustible product gases (carbon monoxide, hydrogen) 

to produce external heat for the gasifier, but this could require up to 15% of the original feedstock for 

combustion [38]. Nuclear reactor heat could be supplied here instead, leaving carbon monoxide to be 

further oxidized to carbon dioxide for capture and ultimate sequestration, and the hydrogen could be sold. 

This would boost the conversion efficiency of input biomass to output carbon for sequestration. An 

example coupled NPP-gasifier system schematic is shown in Figure 2-5. 

Newer gasifier designs that use plasma torches could also be compatible with nuclear reactors. Here, 

nuclear-supplied heat could pre-heat the incoming biomass, and then electricity would be used to power 

the plasma torches. 

VHTRs (and possibly SFRs) could provide the required temperatures for direct gasification. Fluidized 

bed gasifiers would be most compatible with nuclear-supplied external heat, since updraft and downdraft 

gasifiers utilize partial biomass combustion to supply heat for the reduction reactions [43]. The fluidizer is 

typically air, oxygen, steam, carbon dioxide, or mixtures of two of these. It is likely that an HX would be 

used to transfer heat from the primary or secondary loop of the NPP to the fluidizing gas in contact with 

the biomass. 

Additionally, nuclear heat and/or electricity would be used in separating syngas into its component gases 

(H2, CO, CO2, CH4, etc.). Carbon monoxide could be combusted for energy, or it could be further reacted 

with steam in the water-gas shift reaction to produce carbon dioxide and hydrogen, leading to another 

carbon dioxide stream for sequestration. Likewise, the methane stream could be combusted, or it could be 

reacted with steam (reformation reactions) to form carbon monoxide or carbon dioxide, which again can 

be further processed for ultimate sequestration. 

Gasifiers have been designed to ramp their production up and down, and this is primarily in the context of 

integrated gasification-combined cycle power plants [44]. However, very fast ramping is not 

recommended to avoid material stress. The economic impact of variable production has not been 

assessed, but it could be considered for future analysis. 
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Figure 2-5. Coupled NPP&Gasification system schematic. 

2.3 Water-Based NETs  

Atmospheric carbon dioxide can also be removed via chemical reactions with water. When fossil fuels are 

burned with air, some of the fossil carbon released into the atmosphere as carbon dioxide dissolves into 

surface waters, reacting with water molecules to form carbonic acid (H2CO3). The aqueous carbonic acid 

can further dissociate into bicarbonate (HCO3
-) and carbonate (CO3

2-) anions in varying proportions, 

depending on the pH (Eq. 3; Figure 2-6). Freshwater pH is typically in the range of 6.5ï8.5, so the 

combined carbon dioxide and carbonic acid concentration can vary from nearly half at the lower end to 

almost zero at the higher end. 
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Figure 2-6. Variation of equilibrium concentration with pH for various carbon-bearing species in water. 

At a typical seawater pH around 8.1, carbonic acid rapidly dissociates into bicarbonate and carbonate 

anions. The resulting seawater is richest in bicarbonate anions (97.7%), followed by dissolved carbon 

dioxide gas (1.7%) and carbonate anions (0.6%). Thus, the chemical reactions in seawater pH favor the 

formation of bicarbonate, which tends to stay in solution. 

Waterôs pH can be manipulated in a variety of ways, and Figure 2-6 suggests that making water more 

alkaline would allow for the dissolution of more carbon dioxide from air, while making water more acidic 

would allow more dissolved carbon dioxide to come out of solution, facilitating capture. Both of these 

directions for pH manipulation have been employed in NETs and will be described in the following 

sections: water alkalinization in EEW (2.3.1) and water acidification in indirect seawater capture (2.3.2). 

These techniques are also being used together in the new Equatic process [45]. The coupling of these 

NETs with nuclear power is prospective at this time, but it is worth considering since all of these 

techniques require low-carbon energy inputs.  

2.3.1 Engineered En hanced Weathering  

2.3.1.1 Short Description  

Enhanced silicate rock weathering (EW) techniques aim at accelerating the naturally occurring chemical 

reactions between rocks (like basalt, which is abundantly stockpiled as a by-product of the aggregate 

industry, and has fast-weathering properties), water, and atmospheric CO2 with the aim to store carbon in 

minerals (carbonates or silicates) [46]. Traditionally, this storage is accomplished by spreading crushed 

rocks near water sources: ñCurrently, the weathering of rock by carbon dioxide and water, a natural 

process, absorbs about 1.1 Gt CO2 per year from the atmosphere, mainly stored as bicarbonate in the 

ocean.ò [43] One significant advantage of EW over the DAC approaches is that EW does not require CO2 

compression and underground storage, as CO2 is directly stored in the calcium carbonate of the soil or in 

seawater in the form of bicarbonate ions as described in equation 4 [46]: 

ςὅὕ ὅὥὛὭὕ σὌὕ ᵶ ςὌὅὕ ὅὥ ὌὛὭὕ ᵶ ὅὥὅὕ ὅὕ Ὄὕ ὌὛὭὕ 4 
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The use of EW for carbon capture has the following limitations: 

¶ Chemistry occurring naturally can potentially reverse the reaction and release some of the CO2 to the 

atmosphere (likely with a long kinetics); 

¶ It requires handling of a large amount of crushed rock and water; and  

¶ It is a slow naturally occurring process. 

Research is actively being proposed to evaluate whether the process could be sped up through the use of 

flowing water and combination with DAC for increased CO2 concentration. Several concepts of 

ñengineeredò EW (referred to below as EEW) are actively being developed [47, 48], and there is 

significant design optimization underway that is expected to improve performance. This summary focuses 

on one approach that may couple particularly well with a nuclear reactor. This is a specially designed 

packed bubble column (PBC), proposed in [48], in which the reacting mineral particles are contacted with 

air and water and provide interfacial area for gas-liquid mass transfer. 

The PBC-based EEW technology uses a two-step approach, as described in Figure 2-7: 

¶ To begin the process, atmospheric air would have to be enriched in CO2, possibly using a DAC 

system. This enrichment is required for use of seawater instead of fresh water in the PBC. 

¶ The CO2-enriched air is then fed into the PBC via a bubbler. Here the CO2 would rise through the 

PBC and bind itself to the minerals.  

2.3.1.2 Deployment Status and Outlook  

According to IPCC [6], EW is at TRL 3-4 with ñrealisticò worldwide mitigation potential of 2-4 

GtonCO2/yr, but some studies have shown up to 95 GtonCO2/yr. The EW is a naturally occurring process, 

and accelerated technologies of EW are under active development. The PBC-based EEW technology 

described in [47, 48] is very recent and is demonstrated at laboratory stage, but significant work is likely 

needed to optimize performance for industrial scale. Coupling of PBC-based EEW with NPP is at a very 

prospective stage and has never been considered outside of this report, to our knowledge.  

This process requires a lot of water, but it can be made compatible with seawater (with the added use of 

DAC), so location in coastal areas may be more appropriate. The process requires access to a large 

amount of Silicate rock, so it requires transportation access. The quantity of water and rock required are 

discussed in Section A-1. 

Long-term retaining of carbon into the seawater must be properly accounted for, in order not to over-

estimate potential of EEW as a NET. The degassing of CO2 is the loss of captured CO2 from water that is 

returned to the atmosphere. In addition to degassing, the naturally-induced precipitation of carbonate in 

seawater may lead to additional CO2 release, which would further reduce performance of the EEW 

process. 

2.3.1.3 Potential for PBC-based EEW Coupling with NPP Technologies 

Nuclear can support the PBC-based EEW technology by providing both heat and electricity, as detailed in 

Figure 2-7: 

¶ NPP electricity is used for pumping water and air into the PBC system, for crushing rocks, etc. Any 

NPP technology would be suitable. 

¶ NPP heat and electricity are used for DAC operation to increase the CO2 concentration in the air 

going through the PBC. The method can be similar to that discussed in Section 2.1. However, the cost 

of using DAC will be reduced since there is no need to enrich CO2 to very high concentrations (~5%) 

in this PBC system. 
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Consequently, any NPP type can theoretically be compatible with EEW technologies. The best 

performance will be obtained from the NPPs that pair well with DAC technologies (as discussed in 

Section 2.1). 

 

Figure 2-7. Coupled NPP&EEW system layout. 

2.3.2 Indirect Seawater Capture (AKA Direct Ocean Capture)  

If dissolved inorganic carbon7 (DIC) is removed from seawater, it shifts the reaction in Eq. 3 out of 

equilibrium, favoring the forward reaction of dissolved CO2 reacting with water to quickly form 

bicarbonate ions. This shift allows more atmospheric CO2 to be dissolved, reducing atmospheric CO2 

indirectly, thus the moniker ñindirect seawater captureò (ISC). 

While the annual mean carbon dioxide concentration in the atmosphere is approximately 420 ppm mole 

fraction [49], it is around 500 ppm mole fraction (as dissolved CO2) in the Pacific Ocean [50], and total 

seawater DIC is approximately 100 times higher than this. More importantly for engineering design, the 

volumetric density of atmospheric carbon dioxide is approximately 0.82 mg/l compared to about 29 mg/l 

DIC in seawater, about 35× higher. Thus, the much higher volumetric density of inorganic carbon found 

in seawater compared to the atmosphere could mean lower costs per tonne of carbon captured. 

ISC of carbon has been reported using several methods, most of which involve electrochemical pH 

manipulation (pH swing) to temporarily reduce the pH below 6, which favors the gaseous carbon dioxide 

and carbonic acid sides of Eq. 3 [51], before the pH is returned close to the original level. These methods 

include gas-permeable membranes [52], ion exchange resins [53], membrane electrodialysis [54] [55], 

membrane electrolysis [56] [57], dual electrolytic cells [58], and electrochemical hydrogen looping [59]. 

All of these are designed to extract carbon dioxide as a gas from seawater, although some may be 

modified to directly produce minerals like calcium carbonate or calcium bicarbonate [60] [61]. Membrane 

electrolysis also generates hydrogen gas as a byproduct, which is a valuable commodity. 

 
7 Dissolved inorganic carbon is the sum of all inorganic carbon compounds found in an aqueous solution. For seawater, these are 

almost entirely carbon dioxide, carbonic acid, carbonate, and bicarbonate. 
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Two membrane-based methods are discussed in further detail in the following sections: membrane 

electrodialysis and membrane electrolysis. 

2.3.2.1 Membrane Electrodialysis 

2.3.2.1.1 Short Description 

Electrodialysis techniques use semipermeable membranes and electric fields to separate different types of 

molecules. For DIC removal from seawater, bipolar membranes are used to selectively increase the 

concentration of H+ cations with an applied voltage, lowering the pH. This technique is referred to as 

bipolar membrane electrodialysis (BPMED). If multiple BPMED cells are connected in series, the pH of 

the seawater is lowered in sequence. The acidified seawater is placed under vacuum to cause the CO2 to 

come out of solution, yielding a pure gas. Finally, the acidified, decarbonized seawater is mixed with the 

alkalinized seawater on the other end of the cell stack to yield a moderate-pH effluent. 

The seawater pH in the final BPMED cell will determine the relative concentration of gaseous CO2. For 

example, a pH of results in approximately 50% of DIC as CO2, whereas a pH of 4 results in 

approximately 99% of DIC as CO2 [54]. Lower pH would yield more CO2 per unit of input seawater, but 

at the cost of additional BPMED cells. 

2.3.2.1.2 Deployment Status and Outlook 

BPMED with seawater was demonstrated at laboratory scale as early as 1995 [62]. Several experimental 

studies have been conducted on CO2-rich solutions since 2000 [63] [64], but only a few have considered 

carbon removal from seawater. One study demonstrated the extraction of 59% DIC from seawater with an 

energy consumption of 242 kJ/mol(CO2) [54]. The key BPMED technology is in widespread industrial 

use for water purification, acid/base production, and pH correction in the food industry [65]. 

2.3.2.1.3 Potential for Coupling with NPP Technologies 

Electrodialysis requires electricity to set up the electric fields in the electrochemical cells, to pump 

seawater, and to run the vacuum stripper, among other functions. Increasing seawater temperature would 

also increase reaction rates, although the use of higher temperatures and pressures with BPMED has not 

been reported in the literature. NPPs of all types could supply the necessary electricity and potentially 

also heat below 100 °C for preheating the feedwater. 

 

Figure 2-8. Coupled NPP&Electrodialysis system schematic. 
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2.3.2.2 Membrane Electrolysis 

2.3.2.2.1 Short Description 

Electrolysis is the use of a constant electric current to produce chemical reactions that would not 

spontaneously occur. In the case of water, electrolysis breaks water molecules into molecular oxygen (at 

the anode) and molecular hydrogen (at the cathode). The anode and cathode reactions also produce 

protons and electrons, and these can be exploited with bipolar cation exchange membranes to create 

conditions beneficial for carbon dioxide removal. 

One example of membrane electrolysis uses a three-compartment electrochemical cell [56]: an anode 

compartment, a center acidification compartment, and a cathode compartment. Deionized water is 

continuously flowed separately through the anode and cathode compartments, and water electrolysis 

occurs here. Seawater is flowed into the center compartment. A cation exchange membrane separates the 

anode and center compartments, and the protons produced from electrolysis at the anode are selectively 

migrated towards the cathode. Next, these protons enter the center-compartment seawater, which is rich in 

sodium ions. Another cation exchange membrane separates the center and cathode compartments, and the 

sodium ions migrate through the membrane into the cathode compartment. 

In this setup, the anode compartment produces molecular oxygen, while the cathode compartment 

produces molecular hydrogen and sodium hydroxide. The center compartment produces seawater with a 

pH low enough to encourage the formation of carbon dioxide gas, which can be stripped under vacuum. 

The decarbonized, acidified seawater can be reacted with the sodium hydroxide from the cathode 

compartment to bring it back to a neutral pH. Besides seawater, a continuous supply of deionized water is 

needed to flow through the anode and cathode compartments.  

The end products are hydrogen, oxygen, and carbon dioxide gases in separate streams. Both hydrogen and 

oxygen gases are valuable byproducts, and the carbon dioxide can be transported or further reacted for 

sequestration. Most of the energy required for this membrane electrolysis process is used for water 

electrolysis; no additional energy is required to create the CO2-rich center-compartment seawater. Some 

energy is required to run the vacuum pumps for oxygen, carbon dioxide, and hydrogen removal from the 

various compartments.   

2.3.2.2.2 Deployment Status and Outlook 

Membrane electrolysis has been demonstrated at the laboratory scale using natural seawater (83 ml/min 

CO2 with current of at least 6 A). Hydrogen generation increased proportionally to the applied current 

[56]. A further study described process modifications to improve the electrical efficiency and to decrease 

the electrode polarity reversal time, which is needed to mitigate electrode fouling [57]. This technique 

was designed as the precursor to synthetic fuels production from seawater, so the energy required for 

carbon dioxide production is relatively high, although this need is partially offset by the energetic value of 

the byproduct hydrogen gas. All components used were commercially available, including the cation 

exchange membranes. 

2.3.2.2.3 Potential for Coupling with NPP Technologies 

Electricity is required for reverse osmosis water treatment (deionized feedwater to the anode and cathode 

compartments), water pumps, electrolysis, and vacuum pumps. Increasing feedwater temperature was not 

reported, but it is likely that this would increase reaction rates if compatible with the cation exchange 

membranes and other components. NPPs of any type could supply the electricity and potentially low-

temperature heat for this process. A theoretical study was conducted on the possibility of producing 

synthetic jet fuel from seawater, and nuclear power was found to be a viable energy source [66]. 
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Figure 2-9. Coupled NPP&Electrolysis system schematic. 

2.4 Summary of NET Compatibility with NPPs  

The previous sections describe a wide range of NETs that may have potential for coupling with nuclear 

energy. Table 2-1 summarizes these NETs and their energy needs.  

It is important to differentiate between NETs that will remove CO2 directly from the atmosphere (DAC 

and EEW) and indirectly, by extracting it from the ocean (ISC) or from biomass (BECCS, PyCCS, 

gasification). Some NETs will produce CO2 gas (DAC, ISC, BECCS, gasification) that will need 

geological sequestration for long-term storage. Others will  transform CO2 into other forms for 

sequestration or partial utilization: EEW as bicarbonate diluted in water, and PyCCS as biochar or bio-oil. 

While the main purpose of NETs is to reduce atmospheric CO2 concentrations, several potentially 

attractive byproducts may be generated from some of them, such as bio-gas or bio-oil from PyCCS, 

hydrogen from ISC or gasification, and electricity from BECCS. 

Except for the BECCS process, the NET systems considered would benefit from decarbonized electricity 

generated by NPPs. Some NETsð S-DAC and potentially EEW and ISCðcould also benefit from NPP 

waste heat (with essentially zero production cost) or some low-temperature heat. Finally, some NETsðL-

DAC, PyCCS, and gasificationðwould benefit from high- to very-high-temperature heat from NPPs. 

Initial assessments of ramping capability of these systems are provided in Table 2-1, and initial 

assessments of economic incentives to operating NPP&DAC systems in a flexible way are provided in 

Section 4.3.2.4. 

Finally, NPPs have the potential to pair well with DAC, EEW, and ISC systems by providing both 

electricity and heat. For BECCS, an NPP would not be expected to provide significant additional value to 

a system that produces its own decarbonized heat and electricity. For PyCCS and gasification, the NPP 

can provide both heat and electricity to increase the efficiency of these systems (e.g., it would save bio-

gas that would otherwise be used to fuel these systems).  

Following this review, a detailed techno-economic analysis of coupled NPP&DAC processes is proposed 

in Section 4, while a preliminary analyses with EEW and PyCCS is summarized in Appendix A. First, 
however, a detailed review of the quantity and quality of heat available from different types of NPPs to 

match the heat temperature described in Table 2-1 is required, and is completed in the next Section. 
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Table 2-1. Summary description of NETs and their compatibility with NPPs. 

 Direct Air Capture Processes Biomass-Based Processes Water-Based Processes 

 L-DAC S-DAC BECCS Gasification PyCCS EEW ISC 

Shor t 

description 

Liquid solvent 

Direct Air 

Capture (high-

temp.) captures 

CO2 from 

atmosphere 

Solid sorbent 

Direct Air 

Capture (low-

temp.) captures 

CO2 from 

atmosphere 

Biomass combustion 

produces electricity, 

CCS from flue gas 

Biomass 

gasification 

produces H2 and 

CO2 that are 

captured with CCS 

from the flue gas 

Biomass pyrolysis 

produces biochar, 

bio-oil and bio-

gas; carbon 

captured in flue 

gas, char 

Engineered 

enhanced 

weathering: reacts 

atmospheric CO2 

with rocks, stores 

as bicarbonate in 

sea 

Indirect Seawater 

Capture systems: 

convert bicarbonate 

from seawater into 

CO2 for geological 

sequestration 

Potential for 

coupling with 

NPP 

technologies 

NPP to provide 

electricity and 

maybe heat 

NPP to provide 

heat and 

electricity 

NPP could provide 

heat/electricity for 

CCS, but these would 

more likely come 

from biomass 

combustion 

NPP to provide 

heat (could come 

from bio-gas 

combustion) and 

electricity 

NPP to provide 

heat (could come 

from bio-gas 

combustion) and 

electricity 

NPP to provide 

electricity and heat 

(as in DAC) 

NPP to provide 

electricity, maybe 

low-temp. heat 

Heat demand 

High-temp. heat 

(>900 °C) if 

available 

(VHTR) 

Low-temp heat 

(~150 °C) 
(Supplies own heat) 

>500 °C 

Slow ramping 

200ï600 °C 

Slow ramping 
Same as DAC 

<100 °C 

Ramping unknown 

Electricity 

demand 
Likely baseload 

Likely baseload 

(may be flexible) 

(Supplies own 

electricity) 
Ramping unknown Ramping unknown Same as DAC Ramping unknown 

Carbon-bearing 

products for 

sequestration 

CO2 CO2 CO2 
CO2 (and some 

biochar and tar) 

Biochar, CO2 (bio-

oil1) 
HCO3

- CO2 

Major 

byproducts 
None None Steam, electricity H2, CO Bio-oil None 

H2, O2 in some 

designs 

Minor 

byproducts 
None None None CH4 H2, CO, CH4 None None 

1 Bio-oil could be directly sequestered, but it could also be used as a feedstock for a biorefinery to produce biofuels. 
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3. HEAT CHARACTERISTICS OF NUCLEAR ENERGY TO SUPPORT 
NEGATIVE EMISSIONS TECHNOLOGIES  

The performance of various types of NPP concepts is estimated in this section using industry-

representative designs based on the literature. In particular, reactor performance in terms of heat 

temperature and quantity generated is detailed to determine the availability to support the NET processes 

described in the previous section. The ability of NPPs to provide heat at elevated temperatures was 

investigated for three general reactor concepts: 

¶ Very High Temperature Reactors (VHTR) cooled by helium with direct helium Brayton cycle energy 

conversion with nominal outlet coolant temperature and thermal efficiency of 850 °C and 45%, 

respectively; 

¶ Sodium-cooled Fast Reactor (SFR) coupled to a superheated steam Rankine Cycle with nominal 

outlet coolant temperature and thermal efficiency of 500 °C and 42%, respectively; and  

¶ Conventional Pressurized light-Water-cooled Reactor (PWR) with saturated Rankine Steam Cycle 

with nominal outlet coolant temperature and thermal efficiency of ~273 °C and 35%, respectively.  

The goals of the analysis presented in this section are to  

¶ Characterize the available temperature regime of nominal heat rejectionðthis would be considered as 

ñfreeò heat from the reactor, as it is usually dumped into the environment unused; 

¶ Identify the possibilities of providing process heat at temperatures higher than nominal heat rejection; 

and  

¶ Quantify the dependency of the reduction of the plant electrical output on the amount of process heat 

supply using these higher temperature options.  

In this work, the heat extraction is done at the energy conversion side of the plant, rather than using the 

reactor coolant, first to minimize the effect on the reactor design (and possibly safety) and, second, to 

avoid any possible issues of dealing with radioactive coolant in the carbon capture system8.  

3.1 VHTR 

The analysis for the Very High Temperature Reactor is based on the HolosGen concept of a helium-

cooled microreactor [67]. This concept was selected because Argonne has participated in the design of 

HolosGen through an ARPA-E project [68]. As a part of that design work, a model of the direct helium 

Brayton cycle for HolosGen was developed and described in the open literature [69, 70], and it is 

therefore available for the present analysis. The HolosGen Brayton cycle is simulated using Argonneôs 

Plant Dynamics Code (PDC) [71] for design, control, and transient analysis of Brayton cycles.  

The reference design conditions for the HolosGen Brayton cycle are shown in Figure 3-1. The reactor 

power is 22 MW thermal, which is converted to about 10 MW electric with a cycle efficiency of 44.6%. 

The Brayton cycle layout is typical for an intercooled direct Brayton cycle, where helium coolant (at 7 

MPa pressure) leaves the reactor (at 850 °C temperature) before expanding in the turbine (to 3.5 MPa), 

driving the generator to produce the electrical output. After the turbine, helium goes through the 

recuperator, to recover some of the useful thermal energy, before being sent to the cooler (at 125 °C) for 

the heat rejection to the ultimate heat sink. The helium leaves the cooler at the design temperature of 40 

°C and enters two stages of compression, passing through a Low-Pressure Compressor (to 4.9 MPa 

pressure) and a High-Pressure Compressor (back to 7 MPa), with intermediate cooling between these two 

stages in the intercooler. The compressed helium goes to the recuperator, then back to the reactor.  

 
8 This does not apply to VHTR with direct cycle, as the reactor coolant and energy conversion fluid are the same helium. 

Helium, however, is not activated by the neutrons and thus does not present a radioactivity risk to the process heat.  
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Figure 3-1. HolosGen VHTR reference design conditions. 

As indicated in Figure 3-1, 7.3 MW of heat is normally rejected from the cycle in the main cooler 

between 125 °C and 40 °C, and 4.4 MW is rejected in the intercooler between 92 °C and 40 °C. The 

helium flow rate is 16.4 kg/s everywhere in the cycle (the dashed branching lines in Figure 3-1 are not 

activated in the design and are discussed below).  

For a comparison with other reactor concepts, which have different power levels, the results in this 

section will be presented in relative terms, normalized to the total reactor power. For example, all VHTR 

flow rates will be provided in percent-nominal (%nom) units. From Figure 3-1, the relative nominal flow 

rate is 16.37 kg/s/22 MWth = 0.744 kg/s/MWth.  

Figure 3-1 shows that the Brayton helium cycle has three major options for extracting heat for an external 

process. These options are shown in the dashed bypass lines with possible HX locations, and include the 

following: 

1. Heat extraction at 850 °C by bypassing some of the flow from the reactor outlet (orange bypass line 

in Figure 3-1). Note that this option represents the highest available temperature from the reactor. 

2. Heat extraction with bypass from the turbine outlet at 620 °C (blue bypass line in Figure 3-1). 

3. Indirect heat extraction after either of the bypass lines is merged with the main helium flow before the 

cooler (black dashed HX symbol in Figure 3-1).  

To investigate the effect of heat extraction on the plant electrical output, a series of PDC calculations 

were carried out with gradual increase in flow in the two bypass lines in Figure 3-1. The reactor heat 

production is still fixed at 22 MWth, as are the boundary conditions of 850 °C reactor-outlet temperature, 

40 °C compressor-inlet temperatures, and 3.5 MPa/7.0 MPa for minimum/maximum cycle pressures9. The 

calculations were still done in the design mode: for example the turbine efficiency was held constant at 

90%, and the effects of changing conditions on the component design and performance were ignored. The 

 
9 Note that these pressures, and or temperatures, may no longer be optimal for conditions different from the reference design in 

Figure 3-1. Re-optimizing the reactor and plant design for the new conditions is beyond the scope of this analysis.  
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last important assumption for the calculations presented here is that any heat in the bypass flow is 

assumed to be lost for electricity production purposes: it is either used in the process HX or removed from 

the cycle in the cooler. In other words, no attempts were made to re-use any remaining heat after the 

working fluid returns from the process HX back to the cycle. Such optimization would depend on the 

exact conditions of the process heat and therefore could not be generalized in this scoping study.  

The main results of the calculations for VHTR are shown in Figure 3-2, which plots the cycle efficiency 

and plant net electrical output as a function of bypass (extraction) flow rate. Note that the bypass flow is 

measured relative to the nominal flow rate in Figure 3-1 (0.744 kg/s/MWth). Since the reactor power was 

fixed, the reduction in the cycle efficiency in the first plot is directly proportional to the reduction in plant 

electrical output in the second plot. The bypass flow fraction was increased until either zero electrical 

output was achieved (for the 850 °C case), where the energy produced in the turbine is just sufficient to 

drive the compressors to circulate the reactor coolant, or (for the 620 °C case) until the bypass fraction 

increased all the way to 100%, with full reactor flow rate sent to the bypass line. As clearly seen from 

Figure 3-2, helium extraction at a higher temperature (850 °C) has a greater effect on the cycle efficiency 

and plant electrical output, as higher-grade heat is diverted from the cycle to the process heat. 

Figure 3-2 shows the results of ñdirectò heat and flow extraction, where the heat is diverted from the cycle 

in the bypass (extraction) lines. At the same time, the same bypass could be used to increase the cooler-

inlet temperature. In this case, it is assumed that no heat is extracted in the bypass line itself, but in 

another process HX in series with the cooler (or black dashed HX in Figure 3-1 and Option 3 in the above 

list). The higher the bypass flow fraction, the more high-temperature coolant is sent to the cooler inlet 

and, thus, the higher the cooler inlet temperature. The results for the corresponding cooler inlet 

temperature, as a function of the bypass (extraction) flow, are shown in Figure 3-3 (first plot). These 

results demonstrate that any temperature between the original cooler-inlet temperature of 125 °C and 620 

°C could be achieved with these bypass lines (850 °C bypass can only provide temperatures up to 500 

°C). The second plot in Figure 3-3 combines the results in the first plot with the plant output from Figure 

3-2, and shows the plant electrical output versus cooler-inlet temperature, for each bypass flow. These 

results demonstrate that for any given intermediate temperature for process heat, it is more efficient to use 

the turbine-outlet 620 °C bypass option, rather than the high-grade heat from the reactor outlet at 850 °C, 

as it results in a smaller reduction in the plant output.  
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Figure 3-2. Effect of heat extraction on a VHTR.  
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Figure 3-3. Intermediate heat extraction temperatures for a VHTR.  

It is important to note that the cycle calculations described here can only provide the inlet condition of the 

reactor fluid (helium) entering the process-heat HX. How much heat can be extracted (or used by the 

process) depends on the process itself and, in particular, the minimum temperature requirement for the 

process. For helium, the extraction heat can be calculated with Equation 5:  

ὗ ὧά Ὕ Ὕ  5 

 

where: 

 ὧ = helium specific heat (5193 J/kg-K), 

 ά = extraction (bypass) flow rate, from Figure 3-2, 

 Ὕ  = extraction temperature, either 850 °C or 620 °C, and 
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 Ὕ  = minimum temperature at which the process can accept heat.   

Since that minimum temperature, in general, depends on the process to be used, the amount of heat 

available to the process is also process-dependent. For the absolute limit, where a process can use heat all 

the way to the minimum cycle temperature of 40 °C, the amount of heat available to the process is equal 

to the total heat rejection from the cycle in the cooler and intercooler. That upper limit can be easily 

calculated as (1 ï cycle efficiency) * reactor power, with cycle efficiency defined in Figure 3-2.  

In addition to the heat extraction options described above, another operating regime is also considered in 

this study, where the reactor is utilized only to provide heat and not generate any electricity. In this 

option, most of the balance-of-plant (BOP) components in Figure 3-1 are eliminated. Instead, the coolant 

from the reactor, at 850 °C, is sent directly to a process HX. Then, the coolant is returned to the reactor by 

a circulator (or pump). To minimize the effect on the reactor design, the return temperature (or 

temperature leaving the process HX) is assumed to be the same as the reactor-inlet temperature of 590 °C 

in Figure 3-1. The coolant will be at approximately the same pressure (around 7 MPa) everywhere in this 

loop, except for the pressure drops which are compensated for by the circulator. The rest of the BOP 

components, like the turbine, recuperator, and compressors, are not used in this configuration and no 

electricity is produced by the plant. This option is therefore referred to as the no-BOP scenario in the rest 

of this report. The heat rate available in the process HX is equal to 100% of the reactor thermal power (22 

MWth in Figure 3-1).  

3.2 SFR 

A Sodium-Cooled Fast Reactor (SFR) concept is investigated as a representative of advanced reactors 

with an intermediate (between VHTR and PWR) operating temperature range. The analysis for the SFR is 

based on the AFR-100 reactor design [72]. A concept of the AFR-100 steam cycle has been developed by 

Argonne in previous work [73]. The steam cycle model development and the analysis presented in the 

present work was carried out using GE GateCycle software [74].  

The reference design conditions for the AFR-100 steam cycle are shown in Figure 3-4. Steam is provided 

in the nuclear steam supply system (NSSS) steam generator (SG). The SG heat duty is 250 MW thermal, 

which is converted to about 105 MW electric with a cycle efficiency of 41.8%. The AFR-100 steam cycle 

employs two turbine stages ï high-pressure turbine (HPT) and low-pressure turbine (LPT), with moisture 

separation (MSEP) between turbine stages. After the turbine, the flow goes to the condenser (COND), 

then to a series of feedwater heaters (FWHs), deaerator (DA), and condensate pumps (PUMP), before 

returning to the SG. The heat in the feedwater heaters is provided by the steam extraction lines from the 

turbines. The main steam after the SG is at 500 °C and 16 MPa. The main steam flow rate through the SG 

is 110.8 kg/s. Figure 3-4 also highlights the available steam extraction conditions at intermediate 

temperatures and pressures, as will be discussed later.  

As indicated in Figure 3-4, waste heat is normally rejected from the cycle in the condenser at 46 °C and 

0.01 MPa. The condenser heat rejection rate under the nominal conditions is 142.7 MW (57% of reactor 

power). This heat is assumed in the model as lost to the environment and thus using it, or any part of it, 

for the process heat would not affect the steam cycle efficiency and plant electrical output in any way.  

For a comparison with other reactor concepts, which have different power levels, the results in this 

section are presented in relative terms, normalized to the total reactor (or SG) power. For example, all 

SFR flow rates are provided in percent-nominal (%nom) units. From Figure 3-4, the relative nominal flow 

rate is 110.8 kg/s/250 MWth = 0.443 kg/s/MWth. 
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Figure 3-4. AFR-100 SFR reference design conditions and steam extraction options. 

To investigate the effect of heat extraction on the plant electrical output, a series of GateCycle 

calculations were carried out with gradual increase in flow taken from the steam lines in Figure 3-4. 

These steam lines include the steam supply to the HP and LP turbines, at 500 °C and 150 °C, respectively, 

as well as steam extraction lines to feedwater heaters from the HPT (at 290 °C and 227 °C) and LPT (at 

101 °C and 80 °C). For all these calculations, the steam cycle layout in Figure 3-4 was modified to allow 

steam extraction for external purposes at various locations. For example, to use the main steam at 500 °C 

for the process heat, a flow split node was added upstream of the HP turbine. The primary port of that 

flow split still provided flow to the turbine. However, the secondary port of the flow split was connected 

directly to the condenser to simulate heat removed from the system and thus lost to electricity production. 

The mass flow rate in the secondary port for the external steam extraction was gradually increased from 0 

(no extraction) for as long as a convergent solution for the entire cycle could still be obtained by the 

GateCycle. These calculations were then repeated for all available steam options in Figure 3-4.  

For the steam extraction calculations, the reactor heat production (and heat addition in the SG) is still 

fixed at 250 MWth, as are the boundary conditions of 500 °C main steam temperature, 46 °C condenser 

temperatures, and 0.01 MPa/16 MPa of minimum/maximum cycle pressures. The calculations were done 

in the design mode: for example the turbine efficiency was held constant at 90%, and the effects of 

changing conditions on the component design and performance were ignored. Likewise, the feedwater 

heater calculations were done in the design mode, where the desired outlet temperature (or terminal 

temperature difference) was specified and was held constant, with the code calculating the required hot-

side steam flow rate. As a result of these assumptions, the SG inlet temperature also remains fixed at 240 

°C for all steam extraction flow rates. This means, together with the fixed SG heat duty and the outlet 

temperature, that the steam flow rate in the SG remains fixed at 110.8 kg/s. As in the analysis of other 

concepts presented in this section, it is assumed that any heat in the extraction flow is lost for electricity 

production purposes: it is either used in the process HX or removed from the cycle in the condenser. In 

other words, no attempts were made to re-use any remaining heat after the working fluid returns from the 
























































































